Transferrin receptor 1 (Tfr1) facilitates cellular iron uptake through receptor-mediated endocytosis of iron-loaded transferrin. It is expressed in the intestinal epithelium but not involved in dietary iron absorption. To investigate its role, we inactivated the Tfr1 gene selectively in murine intestinal epithelial cells. The mutant mice had severe disruption of the epithelial barrier and early death. There was impaired proliferation of intestinal epithelial cell progenitors, aberrant lipid handling, increased mRNA expression of stem cell markers, and striking induction of many genes associated with epithelial-to-mesenchymal transition. Administration of parenteral iron did not improve the phenotype. Surprisingly, however, enforced expression of a mutant allele of Tfr1 that is unable to serve as a receptor for iron-loaded transferrin appeared to fully rescue most animals. Our results implicate Tfr1 in homeostatic maintenance of the intestinal epithelium, acting through a role that is independent of its iron-uptake function.
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transferrin receptor | intestinal epithelium | epithelial-mesenchymal transition | homeostasis | stem cell T ransferrin receptor 1 (Tfr1) resides on the cell surface and internalizes iron-loaded serum transferrin (Fe-Tf) through receptor-mediated endocytosis (1) . It is critical for iron acquisition by erythroid precursors (2) but its role in most other tissues has not been determined experimentally. Tfr1 −/− embryos develop anemia, attributable to impaired proliferation of erythroid precursors, and die by embryonic day 12.5 (E12.5). Hematopoietic cells require Tfr1 to develop but most other tissues appear not to require it (3) . Mice with profound deficiency of its ligand, Tf, accumulate iron in nonhematopoietic tissues (4) . These observations, and others, demonstrate that Tfr1 is not universally required for iron uptake.
Diverse, noncanonical functions of Tfr1 have been elucidated. In the liver, TFR1 interacts with HFE, a protein mutated in patients with genetic iron overload, to sequester HFE and thus modulate expression of hepcidin, an iron-regulatory hormone (5) . In celiac disease, Tfr1 is improperly localized on the apical surface of mature enterocytes, where it can bind and transport IgA (6) . Tfr1 endocytosis is not ligand-dependent (7) . It requires an internalization motif, 20 YTRF 23 , found in its 67-amino acid N-terminal cytoplasmic domain (8) . Src can phosphorylate 20 Y of the internalization sequence (9) .
The proliferative compartment of the intestinal epithelium is composed of stem cells and transit amplifying cells, which differentiate into several types of mature intestinal epithelial cells (IECs) (10) . In newborn mice, proliferative cells reside in intervillous regions, which invaginate to form crypts before weaning. Tfr1 is enriched on the basolateral surface of IECs in the intervillous spaces and crypts (11) ; consistent with this localization, it does not play a role in dietary iron absorption (12) . To understand the function of Tfr1, we developed conditional knockout mice using Cre recombinase expressed throughout the intestinal epithelium to inactivate a floxed Tfr1 allele. These mutant mice had a severe, early lethal phenotype that appears to result from loss of a novel function of Tfr1, not involving iron assimilation. Surprisingly, the mice showed marked induction of genes associated with epithelial-mesenchymal transition in IECs, suggesting that Tfr1 normally acts to suppress this cell fate change. There was also abnormal accumulation of lipids, similar to mice lacking transcription factor Plagl2, and increased expression of stem cell markers.
Results
Conditional Deletion of Tfr1 in IECs. We developed Tfr1 fl/fl mice carrying loxP sites flanking Tfr1 exons 3-6 (Fig. S1 ). These mice were indistinguishable from wild-type mice in these and other experiments. We crossed Tfr1 fl/fl mice with villin-Cre transgenic mice (13) to produce IEC-specific conditional knockout (Tfr1 IEC-KO ) mice. The villin-Cre transgene is expressed by E12.5 and is active in all IECs, including stem cells. Tfr1
IEC-KO pups were born in Mendelian ratios and similar to control (Tfr1 fl/fl ) littermates at birth. However, they failed to thrive and were runted by postnatal day 1 (P1) (Fig. 1A) . All Tfr1 IEC-KO pups died before P3 but there was variability in the time of death (Fig. 1B) ; their stomachs were distended with milk and there was milk in the intestinal lumen. Although similar at birth, both the intestine and colon were shorter in Tfr1 IEC-KO pups by P1, with apparent melena (Fig. 1A) . We do not know whether the mice died from nutritional failure or from disruption of the epithelial barrier.
We confirmed Tfr1 localization in control mice and loss of Tfr1 in Tfr1 IEC-KO mice ( Fig. 1C and Fig. S2 ). As expected, Tfr1 was enriched on the basolateral surface of P0 IECs in controls, with highest expression in intervillous regions, but it was absent Significance Transferrin receptor 1 (Tfr1) facilitates cellular iron acquisition by binding to and internalizing iron-loaded transferrin. Although this function is essential for red blood cell precursors, the role of Tfr1 in nonhematopoietic tissues has not been thoroughly studied. In this study, we investigated the role of Tfr1 in the intestine by developing mutant mice in which Tfr1 is inactivated specifically in the intestinal epithelium. We discovered that inactivation of Tfr1 has pleiotropic consequences leading to the loss of intestinal epithelial proliferation and homeostasis and induction of genes involved in epithelial-mesenchymal transition. These effects are not related to the iron uptake, revealing a surprising role for this ubiquitous membrane protein.
in Tfr1 IEC-KO IECs. Tfr1 mRNA expression was markedly decreased in Tfr1 IEC-KO IECs (Fig. 1D ) and less Tfr1 protein was present (Fig.  1E ). Residual Tfr1 may be from non-IEC contamination.
Duodenal sections revealed severe disruption of epithelial integrity in Tfr1 IEC-KO mice on P2 (Fig. 1F) , explaining why the animals died soon after birth. We observed blunted villi, smaller intervillous regions, edema in the lamina propria, and enlarged vacuole-like structures in the IECs. Ki67 staining showed a marked reduction in proliferating IECs in intervillous regions of Tfr1 IEC-KO animals ( Fig. 1F ; quantified in Fig. S3A ). Similar changes were observed in Tfr1 IEC-KO colon at P2 (Fig. S3B ) and small intestine at E18.5 (Fig. 1F ).
Tfr1 Is Required for Adult Intestinal Epithelial Homeostasis. To determine whether Tfr1 was important for early intestinal development but dispensable later, we crossed Tfr1 fl/fl animals with transgenic mice carrying a tamoxifen-inducible villin-CreERT2 allele (13). Adult mice were given tamoxifen daily for 5 d to induce deletion of Tfr1 in IECs. Resulting Tfr1 iIEC-KO mice had diarrhea and weight loss as early as the fourth day of tamoxifen administration, whereas control animals treated with tamoxifen had no apparent abnormalities. Because of poor health, all Tfr1 iIEC-KO mice were killed 1-3 d after the last tamoxifen dose ( Fig. 2A) Attempts to Rescue the Phenotype. Administration of a large dose of iron dextran-to supersaturate circulating Tf-results in iron loading of most tissues. We have used this approach to rescue muscle-specific Tfr1 conditional knockout mice. We gave iron dextran to P0 Tfr1 IEC-KO pups and observed no extension of lifespan. We treated Tfr1 iIEC-KO adult mice with iron dextran before deletion of Tfr1 with tamoxifen. The lifespan of iron-loaded Tfr1 iIEC-KO mice was not extended (Fig. 3A ) and the animals developed gastric distension, diarrhea, and weight loss similar to Tfr1 iIEC-KO mice not treated with iron. We confirmed iron loading of IECs by measuring nonheme iron in intestinal scrapings (Fig. 3B) .
Our results suggested that Tfr1 might be needed for a function other than iron uptake. To investigate, we took advantage of
Rosa26
Tfr1R654A/+ mice that ubiquitously express an allele of Tfr1 carrying a missense mutation that precludes Tf binding (5) . Although mice homozygous for this transgene develop mild iron overload later, their iron endowment is not increased in neonates. We bred to generate Tfr1 IEC-KO mice carrying a single Rosa26
Tfr1R654A allele (Tfr1 IEC-KO ;Rosa26
Tfr1R654A/+ ). We found that most Tfr1
IEC-KO ;Rosa26
Tfr1R654A/+ animals survived the neonatal period, and ∼60% were alive at 2 mo (Fig. 4A ). Tfr1
Tfr1R654A/+ pups that did not survive appeared to develop the same phenotype as Tfr1
IEC-KO pups; we do not know why they were not rescued. Intestinal sections of Tfr1
Tfr1R654A/+ survivors at 2 mo showed normal architecture and normal proliferation of crypt IECs (Fig. 4B ). We confirmed that Tfr1 mRNA was increased relative to Tfr1 IEC-KO mice (Fig. 4C ). These observations suggest that Tfr1 plays a role in intestinal epithelial homeostasis that is independent of its ability to bind and assimilate iron-Tf. Tfr1R654A/+ samples were highly similar to each other, but one of the three Tfr1 IEC-KO samples was an outlier (Fig. 4D ). The outlier mouse may have had less Tfr1 inactivation, consistent with variability shown in Fig. 1E , or expression changes might have developed later, consistent with the observed range in lifespans (Fig. 1B) . To develop hypotheses, we excluded the outlier from our preliminary analysis but included it in figures shown later. Results were analyzed by the Duke Microarray Shared Resource using Partek Genomics Suite 6.5, comparing Tfr1 IEC-KO with Tfr1 fl/fl or with Tfr1 IEC-KO ; Rosa26
Tfr1R654A/+ samples. The only significant differences between the two comparisons were in Y chromosome genes, attributable to differences in the proportion of male and female animals used, and in Tfr1 itself, which was more highly expressed in Tfr1 IEC-KO ;Rosa26 Tfr1R654A/+ animals. In other words, rescued animals were similar to controls compared with
Tfr1
IEC-KO mice, consistent with the PCA and supporting our hypothesis that mutant Tfr1 could restore a necessary function. Furthermore, we saw no increase in mRNAs induced in iron deficiency [e.g., Slc11a2 (1), Cybrd1 (14), Cdc14a (15)], indicating that P0 IECs had obtained sufficient iron through another mechanism and supporting our interpretation that Tfr1 has a role independent of iron uptake.
We looked for informative patterns using Gene Set Enrichment Analysis (GSEA) (16, 17) . Genes up-regulated at least twofold in Tfr1 IEC-KO animals compared with Tfr1 fl/fl animals were associated with the adult tissue stem cell signature, epithelial-mesenchymal transition (EMT), extracellular matrix interactions, axon guidance, and cell adhesion (Table S1 ). Many known stem cell markers-Kit, Thy1, Prom1, Cd34, Cd44, Fabp7, Ly6a, Ndn, Dclk1-were strongly up-regulated in Tfr1 IEC-KO IECs. Transcriptional targets of Lef1, Foxo4, Nfat, and Maz were highly represented. These transcription factors have complex functions that could be related to the phenotype observed; several interact with Wnt (18, 19) and Notch (20, 21) signaling, which are important in IEC cell fate determination. Our results suggested that at least some cells in Tfr1 IEC-KO intestine had acquired a stem cell phenotype or were undergoing EMT.
We compared expression of EMT genes in a heat map ( Fig.  5A and Table S2 ). Approximately 70 EMT-associated genes were markedly up-regulated in two Tfr1
IEC-KO mice but only a subset were up-regulated the PCA outlier mouse (Fig. 4D) . Five EMT genes were up-regulated in control mice but down-regulated in Tfr1 IEC-KO mice. Selected results were validated by real-time PCR using samples from a separate set of mutant and control mice and we saw no discordance (Fig. 5B) . Strongly up-regulated EMT-associated genes included transcription factors activated early in EMT and their target genes. RNA encoding the growth factor pleiotrophin (Ptn), which induces EMT (22) , was markedly induced and its protein product was abundant in Tfr1 IEC-KO IECs (Fig. 5 B and C) . Additionally, mRNAs encoding components of the Tgfβ, Wnt, Notch, and Hedgehog signaling pathways were increased. Hnf4a, which promotes mesenchymal-epithelial transition (23), was down-regulated, as was fructose-1,6-bisphosphatase 1 (Fbp1), which is repressed in EMT to cause metabolic changes (24) . Although many EMT-associated genes were induced, E-cadherin mRNA was not down-regulated in Tfr1 IEC-KO IECs. Down-regulation of E-cadherin is a hallmark of EMT, but it does not always occur (25) . In summary, these observations indicate that Tfr1R654A/+ rescued mice were more similar to Tfr1 fl/fl mice than Tfr1 IEC-KO mice in their expression of EMT-related genes (Fig. 5 A and B) , consistent with the overall microarray data and corroborating our finding that a mutant Tfr1 that cannot bind Tf largely rescues the mutant phenotype.
Intracellular Lipid Accumulation. Genes down-regulated in Tfr1
IEC-KO mice were associated with fatty acid metabolism, lysosomes, and lipid and lipoprotein metabolism. We noted vacuole-like structures in IECs in sections from Tfr1 IEC-KO small intestine and hypothesized that they might contain lipids. Electron microscopy revealed homogeneous intracellular inclusions in Tfr1 IEC-KO IECs that appeared to be present but much smaller in control animals (Fig.  6A) . Oil-red-O staining confirmed that the large inclusions contained neutral lipid (Fig. 6B) . Similar inclusions, larger in Tfr1 IEC-KO mice than in controls, were observed in lacteal vessels of the lamina propria and lymphatic vessels of subepithelial tissue in control and mutant mice (Fig. S4) .
Loss of transcription factor Plagl2 similarly results in accumulation of lipid vacuoles within IECs and Plagl2 −/− pups also died early in life (26) . Microarray analysis of Plagl2 −/− IECs showed decreased expression of cargo transport and vacuolar trafficking genes, thought to lead to improper chylomicron assembly and transport, resulting in lipid accumulation (26) . Importantly, Plagl2 mRNA was down-regulated in Tfr1
IEC-KO IECs, and we observed decreased expression of the same genes decreased in Plagl2 −/− IECs thought to act in chylomicron packaging (Fig. 6C) 
IECs, Plagl2
−/− IECs showed a similar pattern of EMT gene expression ( Fig. S5 and Table S3 ). Four of five EMT genes down-regulated in Tfr1 IEC-KO IECs (Nox4, Bmp7, Tert, Fbp1) were also down-regulated in Plagl2 −/− IECs, and the patterns of up-regulated genes were similar.
Discussion
Tfr1 is important for iron acquisition by erythroid cells, but its roles in most other tissues have not been characterized. We showed that Tfr1 is required for IEC proliferation and homeostasis in developing and adult intestine. Animals lacking Tfr1 in IECs died early in life, with severe disruption of epithelial integrity, lipid inclusions, and impaired proliferation. Enforced iron overload did not rescue, suggesting that iron deficiency was not the cause. However, transgenic expression of a mutant allele of Tfr1 that is unable to bind iron-loaded Tf did rescue, raising the possibility that Tfr1 has a novel function in IECs that does not involve iron uptake. Three subphenotypes appeared in IECs lacking Tfr1, which could contribute to epithelial disruption and early lethality: increased expression of genes involved in EMT, interrupted lipid trafficking, and impaired proliferation associated with increased expression of stem cell markers. There is no known connection between Tfr1 and any of these subphenotypes. Interestingly, however, treatment of cultured tumor cells with iron chelators, which should increase Tfr1 expression (27) , impairs EMT progression (28) .
We have not yet determined how inactivation of Tfr1 causes the mutant phenotype. However, Plagl2 −/− mice offer a clue. Tfr1
IEC-KO and Plagl2 −/− mice showed similar lipid accumulation in neonatal IECs and decreased expression of a common set of sorting and transport molecules. Plagl2 is involved in regulation of Wnt signaling and cellular proliferation (29) , potentially linking this molecule to the other subphenotypes of EMT and decreased proliferation. Analysis of publicly available transcriptome data from Plagl2 −/− mice (26) suggests that EMTassociated genes may be similarly regulated in that mutant, though not to the extent we observed in Tfr1 IEC-KO mice. Plagl2 induces Wnt signaling to block differentiation and promote proliferation (29) . A neighboring gene, Pofut1, is also down-regulated in our mice and in Plagl2 −/− mice (26), and might contribute to decreased proliferation. Plagl2 and Pofut1 likely share a promoter region. Pofut1 is an O-fucosylating enzyme that modulates Notch signaling to promote proliferation of muscle stem cells (30) . Elucidation of the function of Plagl2 and its relationship with Pofut1 may provide clues to the novel role of Tfr1 in IECs.
Decreased proliferation and increased stem cell markers suggest that Tfr1 IEC-KO IEC stem cells may have become quiescent. Interestingly, we did not see differential regulation of Lgr5 or Bmi1, both associated with intestinal stem cells (10) . Under other circumstances decreased proliferation might have been attributed to cellular iron deficiency, but our rescue experiments showed that Tfr1 served a different, as yet unknown, purpose. EMT has been associated with "stemness" in both development and cancer (31) Table  S2 . (B) Expression of a subset of EMT-associated genes was validated using qRT-PCR (see Table S4 for primers used) with Tfr1 fl/fl (n = 6), Tfr1 IEC-KO (n = 9), and Tfr1
IEC-KO ;
Rosa26
Tfr1R654A/+ (n = 6) P0 IECs; key shown at top. Expression was normalized to Rpl19. All differences between but an association between EMT and the large array of stem cell markers up-regulated in Tfr1 IEC-KO IECs has not previously been reported.
We showed that Tfr1 IEC-KO ;Rosa26 Tfr1R654A/+ mice were protected from abnormalities observed in Tfr1 IEC-KO mice, indicating that iron uptake was not needed for rescue. We speculate that the essential role of Tfr1 in IECs involves signal transduction that is independent of Fe-Tf binding. Such a role has been proposed in other contexts. Tfr1 has been implicated in the formation of the immunological synapse in T cells (32) and in T-cell receptor signaling (33) . Tfr1 has been proposed to be involved in NF-κB signaling (34) and in neoplastic transformation by sphingosine kinase 1 (35) . Tfr1 was also identified as a cellular target of gambogic acid (GA), a natural compound that induces apoptosis (36) . GA inhibits Tfr1 internalization, and its activity apparently involves signaling. Jian et al. reported that Tfr1 interacts with Src, and phosphorylation of Tfr1 residue 20 Y by Src decreases apoptosis and promotes cancer cell survival (37) . GA induced phosphorylation of p38, JNK, and ERK in a manner that was independent of Tf binding and iron uptake and Tfr1 mutants at 20 Y were more susceptible to GA. Senyilmaz et al. reported a similar signaling activity of Tfr1, which also involved activation of JNK signaling and was modulated by stearic acid (38) . JNK signaling has been linked to intestinal epithelial homeostasis and villus length (39) . Taken together, these studies suggest that loss of Tfr1 might result in decreased JNK signaling, contributing to the phenotype we have observed.
In summary, we have characterized a role for Tfr1, a molecule that has been used widely as a marker for endocytic pathways, and which has an important role in iron delivery. Our results implicate Tfr1 in inhibiting EMT, a change in cell fate that is intricately linked to development, tissue repair, and cancer progression (40) , and in intestinal homeostasis more broadly. We do not yet know what the iron-independent function of Tfr1 is in IECs, but its putative signaling roles provide clues for future work. We speculate that this function of Tfr1 may be important in other cell types, particularly in hematopoietic cells where it appears to be absolutely required (3).
Materials and Methods
Conditional Inactivation of Tfr1 in Mice. We induced homologous recombination in embryonic stem (ES) cells using a construct containing 5.1 kb of DNA, including exons 1 and 2, a loxP-flanked (floxed) neo cassette inserted into intron 2, and 7.7 kb of DNA, including exons 3-11, modified by introducing a single loxP site in intron 6 (Fig. S1) . A correctly targeted ES cell clone was injected into blastocysts to produce a chimeric mouse that transmitted the modified allele through the germ line. A male heterozygous for the targeted allele was bred with a female expressing a Gata1-Cre transgene (41) to ultimately produce animals that had deleted the neo cassette, retained loxP sites flanking exons 3-6, and lost the Cre transgene. They were bred to homozygosity for the targeted allele (Tfr1 fl/fl ) on a 129S1/ Svimj (129) background. Tfr1 fl/fl ;villin-Cre (Tfr1 IEC-KO ) mice were generated by crossing Tfr1 fl/fl and villin-Cre mice on a 129 background (13) to delete exons 3-6 in the intestinal epithelium. Tfr1 iIEC-KO mice were generated by crossing Tfr1 fl/fl mice with villin-CreERT2 mice on a C57BL/6 background (13 Histology. Tissue was fixed in 10% (vol/vol) formalin, treated with 70% (vol/vol) ethanol, embedded in paraffin, and sectioned longitudinally. H&E staining was performed on deparaffinized and rehydrated sections. Ki67 staining was performed after antigen retrieval by boiling slides in 10 mM Na citrate pH 6.0.
IEC Isolation. Intervillous and crypt-enriched IECs were harvested by rocking intestine and colon in 5 μM EDTA and ice-cold PBS for 30 min. IECs were detached by vigorous shaking, strained through a 70-μm filter, and pelleted in cold PBS. Pellets were washed with cold PBS three times.
Immunoblot. Enriched IECs were lysed and sonicated in 150 mM Na chloride, 1.0% Triton X-100, and 50 mM Tris. After solubilization in Laemmli buffer for 30 min at room temperature, 20 μg of protein per sample was fractionated on 4-20% SDS/PAGE gels (Bio-Rad) and transferred to a PDVD membrane (Bio-Rad). Immunoblotting was performed using mouse anti-human Tfr1 (Life Technologies, 13-6890) diluted 1:1,000 in PBST. Blots were stripped and reprobed with anti-mouse β-actin (Sigma, A1978) diluted 1:1,000 in PBST. Anti-mouse HRP-linked IgG (GE Healthcare, NA931V) diluted 1:1,000 in PBST , and Tfr1
IEC-KO
;Rosa26-Tfr1 R654A/+ IECs.
